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Protonated ammonia and hydrazines (MH) form complexes with ketones and the differences
in masses and mobilities of the resulting ions, MH(ketone)n, are sufficient for separation in an
ion mobility spectrometer at ambient pressure. The highest mass ion for any of the protonated
molecules is obtained when the ketone is present at elevated concentrations in the supporting
atmosphere of both the source and drift regions of the spectrometer so that an ion maintains
a discrete composition and mobility. The sizes of the ion-molecule complexes were found to
depend on the number of H atoms on the protonated nitrogen atom—four for ammonia, three
for hydrazine, two for monomethylhydrazine, and one for 1,1-dimethylhydrazine, and the
drift times of these ions were proportional to the size of the ion-molecule complex. Unexpected
side products, including protonated hydrazones and azines, and associated ketone clusters,
were isolated to a single drift tube containing ceramic parts and could not, from CID studies,
be attributed to gas-phase ion chemistry. These findings illustrate that mobility resolution of
ions in IMS and IMS/MS experiments can be enhanced through chemical modification of the
supporting gas atmosphere without changes in the core ion. (J Am Soc Mass Spectrom 2007,
18, 940–951) © 2007 American Society for Mass SpectrometryHydrazine and alkyl hydrazines are substancesof importance in several specialized propulsionsystems, including the nozzle thrusters on the
U.S. Space Shuttles and the motors of torpedoes. These
highly reactive chemicals are inhalation and dermal
irritants, and potential carcinogens with exposure limits
in airborne vapors as low as 10 ppb. Such standards for
occupational hygiene monitoring necessitate measure-
ment methods with low detection limits and high
selectivity. Traditional methods of colorimetry and am-
perometry [1, 2] are limited in convenience of use and in
specificity by chemical or physical interferences from
ammonia, moisture, and other vapors. A selective,
sensitive, and fast method for the quantitative determi-
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through the gas-phase ionization technique of ion mo-
bility spectrometry (IMS). Such favorable performance
can be ascribed to the high proton affinities of hy-
drazines as found also in atmospheric pressure chemi-
cal ionization mass spectrometry (APCI-MS).
Protonated ammonia, hydrazine, and methylhydr-
azine at trace levels were resolved using IMS through
differences in mobility with a drift tube operated at 484
K [3]. Extension of this concept to a hand-held mobility
spectrometer, with a drift tube at ambient temperature,
lead to unacceptable resolution of the protonated mol-
ecules through formation of hydrated cluster ions with-
out distinctive drift times [4]. Analytically viable sepa-
ration of ions was sought with acetone as a reagent gas
to generate reactant ions (C3H6O)nH
 that would then
form ion-molecule complexes containing ammonia or a
hydrazine, proton-bound with one or more acetone
molecules [4]. Though the resulting ion-molecule com-
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protonated molecules, the improved stability in drift
behavior and peak separations in spectra were insuffi-
cient for specific and quantitative determinations.
When 5-nonanone was used as a reagent gas, instead of
acetone, the reactant ions generated were the proton-
ated molecule C9H18OH
 and the proton-bound dimer
(C9H18O)2H
. Significantly, the ion-molecule com-
plexes formed by these ions with ammonia and the
hydrazines had even longer drift times than those
obtained with acetone, and the resolution between
peaks in mobility spectra was sufficient for monitoring
vapor levels on board the Space Shuttle [4]. Ion drift
times and resolution in spectra were shown to be
dependent upon the concentration of ketone in the drift
gas changing rapidly until 100 ppmv of ketone in the
entire supporting atmosphere of the drift tube. After
this and until 1500 ppbv of ketone, drift times increased
slowly and peak shape in spectra sharpened. Mass
spectrometry was used to identify the ions in the major
product peaks of the IMS spectrum as MH(ketone)
and MH(ketone)2 (M  ammonia, hydrazine, or
methyl hydrazine). These two ions appeared in the single
mobility spectrum peak since the complexation reaction of
eq 1 remained at equilibrium due to the presence of
ketone throughout the mobility spectrometer.
MH(ketone) ketone`MH(ketone)2 (1)
The reason for the success with a reagent gas was not
understood in reference [4] where the observed order of
the drift times of the complexes, ammonia hydrazine
monomethylhydrazine was inverted from the size or
mass of the neutral molecules, M.
In this study, the order of drift times for 5-nonanone
complexes as shown previously was confirmed as:
ammonia  hydrazine  monomethylhydrazine 
unsymmetrical dimethylhydrazine. Experiments with a
simple drift tube interfaced to a mass spectrometer
were used to identify the complexes and other unex-
pected complexes of protonated hydrazones and pro-
tonated azines. Atmospheric pressure chemical ioniza-
tion (APCI) experiments were used to observe the
probable ion-molecule clusters formed in the reactions
of protonated hydrazines with 5-nonanone and to in-
vestigate possible mechanisms of formation of hydra-
zone and azine ions, minor constituents in mobility
spectra found only in the all ceramic drift tube for
IMS/MS studies. Cross-sections of ion-molecule com-
plexes were computed to provide an explanation of the
success in resolving the ion-molecule complexes of
ammonia and hydrazines with ketones.
Experimental
The ion mobility spectrometer was a conventional lin-
ear design operating at ambient temperature and pres-
sure. Details of construction and operation have been
described [5]. The instrument was constructed of dis-crete, alternating Teflon and stainless steel rings with
i.d. of 19 mm. Ions, produced by electron emission
from a 63Ni source, were gated into a 66 mm long drift
region with a drift field of 244 V cm1 and detected by
a Faraday plate and a pico-ammeter. Air was used as
both the source and drift gas, and was purified by
passing through a 1 m long tower containing 5 Å
molecular sieve; water content in the air was lower than
10 ppm.
The flow of air to the source region of the mobility
spectrometer was 50 mL min1 and the drift gas flow
from the detector end was 600 mL min1 as shown in
Figure 1. The combined flows exited the instrument at
the source end. The requisite concentration of ammonia
or one of the hydrazines, introduced to the source, was
obtained by dilution of a controlled small flow of air
containing the compound into a stream of purified air.
Vapor concentrations of each hydrazine were generated
using a Teflon permeation tube contained in a chamber
held at an appropriate temperature. When required,
reagent gas of 5-nonanone was generated in air with
Figure 1. Drift tube of mobility spectrometer with two arrange-
ments for adding ketones as reagent gas and sample vapors. The
grey regions show the location of ketone vapors in the drift
tube. In the upper frame, ion-molecule complexes formed in the
source region are drawn through a purified air atmosphere in the
drift region where ion-molecule complexes may dissociate in air
alone. In the bottom frame, the ion-molecule complex moves
through a chemically uniform composition of gas supporting the
equilibrium in eq 1.permeation tubes, as described above, and introduced
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shown in Figure 1. When ketone vapors were intro-
duced in the source region only (Figure 1, top frame),
ion complexes formed in the source were drawn by
mobility through a purified air atmosphere, where
weakly bound complexes might undergo dissociation.
In contrast, addition of ketone vapor in at the detector
(Figure 1, bottom frame) provided a uniform gas atmo-
sphere for ion drift, favoring equilibria as shown in eq 1.
Concentrations of reagent gas were referenced to a prior
study [4] and judged by observation and analysis of the
mobility spectra.
A second, simple mobility spectrometer was con-
structed, for mass analysis of ion-molecule complexes,
from a ceramic tube 1.9 cm i.d.  9.0 cm long with
equally spaced 1 cmwide metal bands on the exterior as
drift electrodes. The ion source, fields, and flows were
analogous to that described above, although the Fara-
day plate was replaced with a triple quadrupole mass
spectrometer (TAGA 6000; Sciex Inc., Toronto, Canada)
so that ions could enter the mass spectrometer through
a 100 m diameter pinhole, after passage through a
nitrogen plenum gas that is characteristic of this inter-
face design. Ammonia or a hydrazine vapors were
introduced to the source region in a flow of purified air,
and ketone was introduced either in the same flow or
into the drift gas, as shown in Figure 1. When the drift
region contained only purified air (and no ketone
vapor), some of the weakly bound ion-molecule com-
plexes, formed in the source region, might decompose
before reaching the end of the drift region and the inlet
of the mass spectrometer.
Since signal intensity was very low in the mass
spectrometer, due to the low duty cycle when the
mobility spectrometer was in the pulsed mode, experi-
ments were made with the shutter open at all times. All
ions therefore entered the mass spectrometer with no
time resolution in the mobility scale. A further limita-
tion of the IMS/MS experiments was the upper limit of
450 Da in the mass range of the TAGA 6000 mass
spectrometer. Ion-molecule complexes containing more
than three 5-nonanone molecules were unobservable
due to this limit in mass range. Therefore, the gas-phase
interactions of protonated ammonia and the hydrazines
were investigated for other symmetrical ketones of
lower molar mass including acetone, 3-pentanone, and
4-heptanone to gain an appreciation of the possible
sizes of the complexes attainable with 5-nonanone.
Studies were alsomadewith APCI-MS using an API III
triple quadrupole instrument (PE-Sciex Inc., Toronto,
Canada) equipped with a corona discharge ion source.
Vapors of a chemical were passed into the ionization
region entrained in ambient air that flowed through a
75 cm long glass tube, the end of which was placed
close to the corona needle. The flow rate of the air was
controlled by throttling a rotary pump that draws
sample into the source chamber. Two removable glass
reservoirs were positioned 20 and 40 cm from the outer
end of the tube in an all-glass manifold. Permeationtubes, one for the substance (hydrazine or ammonia) and
one for a ketone, were placed in these glass reservoirs
and held at temperatures appropriate for suitable vapor
concentrations in the air stream. Collision induced
decomposition (CID) spectra were obtained using ar-
gon as collision gas to confirm ion-complex identities
and to explore if certain ion-complexes could be decom-
posed to hydrazones or azines.
Reagents or chemicals including 5-nonanone, 4-
heptanone, 3-pentanone, acetone, hydrazine (HZ),
and methylhydrazine (MMH) were obtained from
the Aldrich Chemical Co. (Milwaukee, WI) and 1,1-
Dimethylhydrazine was obtained from Fluka (Mil-
waukee, WI). All were used without further purifica-
tion or treatment. Ammonia was produced by
evaporation from ammonium hydroxide solution.
Computations
Computational software (HyperChem 4.5; Waterloo,
Ontario, Canada) was used to create models for clusters
comprising protonated ammonia or a protonated hydr-
azine and 5-nonanone. Geometries were optimized us-
ing semiempirical PM3 parameters with the Polak-
Ribiere optimizer algorithm.
Results and Discussion
Ion Mobility Spectrometry Studies
with 5-Nonanone
Experiments were undertaken with the ion mobility
spectrometer to confirm the previously-reported limit-
ing mobilities for the protonated ammonia and proton-
ated hydrazine complexes with 5-nonanone [4]. When
the instrument was operated with dry air alone, there
was only one significant peak in the spectrum, the
well-studied reactant ion peak (RIP), the hydrated pro-
ton, (H2O)nH
  [6 – 8]. Introduction of 5-nonanone (non)
to the source resulted in the appearance of two new
peaks and diminution of the hydrated proton peak. The
new peaks are attributable to the protonated ketone,
(non)H, and hydrates (at 12.50 ms) and the proton-
bound ketone dimer, (non)2H
 (at 16.55 ms). This
identification is based on previous IMS/MS studies
with nonanone [4] and on related studies with ketones
in a mobility spectrometer/mass spectrometer [9, 10]. In
IMS, ions of a substance are characterized by drift
velocity vd for an ion swarm and by the related mobility
coefficient. Mobility coefficients are derived from the
drift length, l, and drift time for the ion swarm, td (eq 2):
K
vd
E

l
tdE
(2)
where E is the electric field of the drift region. Values
for K are normalized to standard temperature and
pressure (eq 3) yielding the reduced mobility coefficient
(Ko) in eq 3:
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where p is the pressure in mm Hg and T is absolute
temperature of the drift gas or supporting atmosphere
in the drift tube.
The values for Ko, computed here as 1.61 cm
2 V1 s1
for (non)H and 1.21 cm2 V1 s1 for (non)2H
, are
in excellent agreement with previous values of 1.61
cm2 V1 s1 and 1.15 cm2 V1 s1 obtained in this
laboratory with another mobility spectrometer operat-
ing at 423 K [11]. When each of HZ, MMH, and UDMH
was introduced separately into the source region with-
out ketone reagent gas, the RIP decreased and a new
peak appeared. This peak was situated close to the
reactant ion peak and would be (HZ)H for hydrazine,
(MMH)H for monomethylhydrazine, and (UDMH)H
for 1,1-dimethylhydrazine. The proton affinities of all
these substances are higher than those of water, and
proton transfer from the reactant ion (H2O)nH
 to the
substances was facile. Although the ions had compara-
ble mobility coefficients, affording no resolution be-
tween peaks and little distinction for identification of a
vapor, the ions could be adducted with ketone added as
a reagent gas to the supporting atmosphere inside the
drift tube and separated by differences in mobility of
the ion-molecule complexes. Detailed studies were
made by IMS first with the ammonia with 5-nonanone
as a model system. Studies were then extended to
include the hydrazines with ketones. The findings with
ammonia were generally descriptive of the behavior of
all hydrazines.
Ion Mobility Spectrometry Studies of Ammonia
with 5-Nonanone
Sufficient ammonia was introduced to the ion source so
that the RIP disappeared and a single peak was ob-
served at a drift time of 7.90 ms; this was attributed
to (NH3)nH
 and its hydrates (peak A, spectrum a,
Figure 2). Ammonia in low concentration will react
with the (H2O)nH
 reactant ion in the ion source by
proton transfer and an accompanying transfer of water
molecules (eq 4):
H2OnHNH3¡ H2OnxNH4 xH2O (4)
An increase in ammonia concentration will result in
more displacement of water by ammonia (eq 5):
H2OnxNH4mNH3
¡ H2OnxyNH3)m1H
 yH2O (5)
although levels of ammonia were kept low in experi-
ments here so that cluster ions with multiple ammonia
molecules were not formed per eq 5. The extent of
hydration of the protonated ammonia cluster in eq 4 was
unknown, but the use of dried air for the supportingatmosphere in the entire drift tube should ensure that it is
small. In further discussion, the (H2O)(n-x-y)(NH3)mH

cluster is written as NH4
, and the possible hydration and
solvation of other ions are assumed but not acknowl-
edged in the formula. In these studies, NH4
 was
considered the reactant ion for experiments and 5-non-
anone was added as a reagent gas.
The introduction of increasing, but not determined,
amounts of 5-nonanone (non) at the detector end of the
instrument and, thus, through both drift and source
regions, led to a decrease in intensity of the reactant
ion peak (peak A) and the appearance of two new peaks
labeled B and C with drift times of 13.50 ms and
17.75 ms (spectrum b of Figure 2). There is an increasing
baseline in the spectrum between peak A and peak B
that continues to peak C. A well defined, narrow peak
in a mobility spectrum with constant drift time is due
generally to ions formed in the source region, gated into
the drift region, and subsequently unchanged in struc-
Figure 2. Ion mobility spectra obtained for the NH3: 5-nonanone
system when the ketone was present throughout the source
and drift regions. The peaks are identified as: A, NH4
; B,
NH4
(non); C, NH4
(non)2; D, see text; and E, NH4
(non)4 in the top
frame. In the bottom frame, the drift times for other hydrazines are
shown under conditions used for peak E.ture during passage to the detector. Ions that change
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generate such discrete peaks and are evident as a raised
baseline between peaks. The interpretation of the posi-
tive slope of the baseline is that ions of peak A are
reacting with 5-nonanone to form ions in peak B, which
are further reacting with 5-nonanone to form ions in
peak C. The ions were not positively identified but
are, by inference: peak B, NH4
(non) (at 13.50 ms) and
peak C. NH4
(non)2 (at 17.75 ms), and are formed in
association reactions as shown in eq 6 and eq 7:
NH4

peak A
non¡NH4
 non
peak B
(6)
NH4
 non
peak B
non¡NH4
 non2
peak C
(7)
The mobility of an ion in electric fields in IMS drift
tubes depends on the inverse of both its collision cross
section and the square root of its reduced mass [12]. The
ions NH4
(non) and H(non) have almost identical
reduced masses in air, although the collision cross
section of NH4
(non) is expected to be slightly greater
than that of H(non). The mobility of H(non) should
then be slightly greater than that of NH4
(non). This
corresponds to a drift time for NH4
(non) longer than
for H(non) and consistent with the observed drift
times of 13.50 and 12.50 ms, respectively. The same
argument holds for the assignment of the second peak
(C) at 17.75 ms as NH4
(non)2 from comparison with
H(non)2 at 16.55 ms.
Reactions in eq 6 and eq 7 occur both in the source
and drift regions when the same concentration of ke-
tone is presence in each. Thus, any ion appearing in the
spectrum between peaks A and B would have spent the
first part of its transit time as NH4
 and the final part as
NH4
(non). The drift time would be intermediate be-
tween those of the two ions. There is a whole spectrum
of such ions, the positive slope of the ion intensity
between peaks A and B formed as a result of the kinetics
of the process. The intensity of NH4
 is greatest at the
ion shutter and decreases, via the reaction in eq 6, along
the length of the drift region. The rate of reaction
therefore decreases with drift distance, and ions that
spend less time as NH4
 and more time as NH4
(non)
have a greater intensity than those spending more time
as NH4
 and will appear in the spectrum closer to the
NH4
(non) peak. The result is evident as the rising
baseline between peaks A and B. The same interpreta-
tion can be applied to the spectral pattern between
peaks B and C that is due mainly to the reaction
described in eq 7.
As the concentration of 5-nonanone was increased
further, the drift times of all three peaks remained
constant, but peak A declined in intensity as the other
two (B and C) increased. With still higher 5-nonanone
concentration, peak A disappeared from the spectrum,
followed by the disappearance eventually also of peak
B. All these changes were gradual in the transforma-
tions of spectra suggesting displacements of equilibria.Up to this point, the drift time and symmetry of peak C,
due to NH4
(non)2, was constant; however, peak C
became broad and asymmetrical, and the drift time
increased to the location of peak D (at 20.27 ms) with
further increases in ketone concentrations (spectrum c
of Figure 1). The peak broadness and asymmetry, the
latter more pronounced towards shorter drift times, is
symptomatic of transformations in the drift region, here
the formation of ion-molecule complexes. Since the drift
time associated with the peak maximum is greater than
that for peak C, the associated ion(s) is slower and must
have a larger collision cross section [7, 8] than
NH4
(non)2; thus, the ammonium-ketone complexes
should contain at least three molecules of the ketone
during some time the drift period.
A still further increase in the concentration of
5-nonanone led to a sharp, symmetrical peak at 25.45
ms (peak E, spectrum d, Figure 1) that then remained
invariant with additional increases in ketone vapor
concentrations. As discussed above, this sharp peak
denotes the presence of a major single ion, NH4
(non)n,
of specific character that was formed in the source and
traversed the drift region unchanged. The identities of
the ions appearing in D and E may be surmised from
the linear correlation of drift time with ion mass for a
homologous series [13]. The drift time for E, when it is
assumed to be NH4
(non)4, gives a linear fit with those
for B and C and an equation for the line, td (ms) 
0.0279 u 9.148. The expected drift time for NH4
(non)3
(mass of 445 u) from this analysis should be 21.56 ms
and so the peak D, with a drift time of 20.27 ms, was
comprised mainly of ions that have spent 32% of drift
time as NH4
(non)3 and 68% as NH4
(non)4.
In their initial work with ammonia and the hy-
drazines, Eiceman et al. reported that the mobility of the
complex for the ammonium ion and 5-nonanone had a
drift time of 13.46 ms, and that NH4
(non) and
NH4
(non)2 were found in IMS/MS/MS measurements
[4]. Comparison may be made with the present results
using Ko values obtained from drift times and eq 2 and
eq 3. The drift length of the spectrometer used in
reference [4] was 5.56 cm and the drift time of
NH4
(non)n at 1500 ppb of 5-nonanone was 13.46 ms,
giving a derived Ko of 1.36 cm
2 V1 s1. This value
denotes an ion mass of 287 Da from interpolation of ion
mass versus Ko obtained in the present work and is
close to that of NH4
(non)2, 302 Da.
Ion Mobility Spectrometry Studies of Hydrazines
with 5-Nonanone
Experiments were completed for each of HZ, MMH,
and UDMH in a supporting atmosphere modified with
5-nonanone and spectra for each exhibited a tendency
to a single product ion peak with drift time denoted by
arrow in Figure 2, bottom frame. The drift times of the
complexes in Figure 2 are: 21.89 ms for HZ; 18.43 ms for
MMH, and 18.3 ms for UDMH. As the concentration of
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change over an extended range of concentration. Spec-
tra were more complex than those obtained with am-
monia and contained the reactant ion, (non)nH
, as the
dominant peak and a broad baseline profile, consistent
with published results [4]. At high ketone concentra-
tions when ammonia gave the single, very narrow peak
(E of Figure 2), the peaks for the hydrazines were
broadened, poorly defined, and increased in drift times.
The order of the drift times at high ketone concentration
in the present study, NH4
  (HZ)H  (MMH)H 
(UDMH)H, in the same 5-nonanone concentration,
was the same as earlier [4] although Ko values here of
1.08 cm2 V1 s1 for HZ and 1.28 cm2 V1 s1 for MMH
are lower than those derived from the data in reference
[4] (HZ 1.37 cm2 V1 s1, MMH 1.47 cm2 V1 s1). This
shows that the masses for ion-molecule complexes here
are higher than in the previous study, meaning that
concentrations here exceeded 1.5 ppmv of ketone in
drift gas. Mass identification of ions formed between
ammonia and hydrazines in ketone rich atmospheres
were sought using IMS/MS/MS experiments.
IMS/MS/MS Studies of Hydrazines
with 5-Nonanone
Spectra shown in Figure 3 for hydrazine and 3-
pentanone were obtained when the ketone was
present in the source region only (Figure 3a) or in
both drift and source regions (Figure 3b), and results
were typical of other combination of ketones with
hydrazines. Protonated hydrazine solvated by 3, 2, and
1 ketone molecules at m/z 291, 205, and 119, respec-
tively; the spectrum of Figure 3a was identified in by
CID studies. The m/z 291 peak is very low in intensity.
The CID spectrum of the peak with highest intensity in
Figure 3a, m/z 187, showed only loss of ketone to give
m/z 101, an ion also present in the figure. The ion form/z
101 was not collisionally dissociated up to 10 eV.
Similar stable ions were observed when other ketones
were introduced into source containing hydrazine: m/z
73 with acetone, m/z 129 with 4-heptanone, and m/z 157
with 5-nonanone. Ions solvated by two or more ketone
molecules were also present in the spectra; for example,
m/z 273 in Figure 3a is m/z 101 solvated by two
3-pentanone molecules. The CID spectrum of the ion of
m/z 255 in Figure 3a shows loss of one 3-pentanone
molecule to give the very stable m/z 169. Analogous
stable ions, sometimes solvated by a single ketone
molecule, observed in the spectra of the other ketones
were: m/z 113 with acetone; m/z 225 with 4-heptanone,
and m/z 281 with 5-nonanone.
The identities of m/z 101 and 169 observed in spectra
obtained with the hydrazine:3-pentanone system and the
corresponding ones obtained with the other ketones can
be determined by inference. Ions at m/z 73, m/z 101, m/z
129, and m/z 157 are all equivalent to [HZ·H·ketone H2O]
, i.e., a protonated hydrazone. This is shown in
eq 8 for 3-pentanone:
H2NNH3
OC(C2H5)2¡H2NNHC(C2H5)2H2O
(8)
The ions m/z 113, m/z 169, m/z 225, and m/z 281
correspond to [HZ·H·(ketone)2 2H2O], i.e., a proton-
ated azine. These ions were formed from the dissocia-
tive addition of a further ketone to the protonated
hydrazone is shown in eq 9:
(C2H5)2COH2NNHC(C2H5)2
¡ (C2H5)2CNNHC(C2H5)2 2H2O (9)
When ketone was present throughout the whole instru-
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Figure 3. Mass spectra obtained for hydrazine (HZ) with (a)
3-pentanone (pen) only in the source region and (b) pen
3-pentanone throughout the drift tube. Mass spectrum for
methyl hydrazine (MMH) with 5-nonanone (non) through the
drift tube (c).ment, hydrazine formation was minor and the proton-
could
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hydrazine solvated by two and three ketone molecules,
HZ·H·(OC[C2H5]2)2 at m/z 205 and HZ·H
·(OC[C2H5]2)3
at m/z 291. The hydrazine adduct, HZ·H·OC(C2H5)2, is
present at m/z 119, and there is a trace peak at m/z 377
due to HZ·H·(OC[C2H5]2)4. Protonated hydrazone and
protonated hydrazine peaks are still present but their
relative importance is severely diminished. The most
intense ion of these types is the protonated hydrazone,
H2NN(H
)C(C2H5)2, at m/z 187. All the ketones except
5-nonanone had one of the solvated hydrazinium ions
as the major peak when the ketone was present
throughout the instrument. For 5-nonanone, the largest
peak was always m/z 299, (C9H20N2) H
(C9H18O), the
solvated protonated hydrazone. The adduct ion
HZ·H·(non)2 was the second largest peak, and there
was a very small peak at m/z 459 that could have been
HZ·H·(non)3, but the intensity was too low for confir-
mation. Unfortunately, an ion-molecule complex with
four ketones exceeded the range of the mass spectrom-
eter and necessitated further studies by APCI MS with
a mass range to m/z 2000.
When methylhydrazine was substituted for hydr-
azine, MMH·H·(ketone)2 was the most intense ion in
the spectra for 3-pentanone and 4-heptanone when
present throughout the drift tube. In the latter case, the
protonated hydrazone [MMH·H·(ketone)  H2O] sol-
vated by one and two ketone molecules was the only
other significant ion. Acetone showed a similar behav-
ior but MMH·H·(ketone)3 was of also present. Al-
though protonated hydrazones and their ketone ad-
ducts were severely diminished in intensity with
ketones throughout the instrument, 5-nonanone was
the exception. As shown in Figure 3c, the ion m/z 331,
MMH·H·(C9H18O)2, is the most intense peak in the
spectrum but the protonated hydrazone and its solvate,
m/z 171 and 313, are also of high intensity. No azine was
observed.
The chemical UDMH behaved in a similar manner to
MMH in that the spectra contained the protonated
molecule solvated by ketone and protonated hydra-
Table 1. Highest number of ketones observed solvating MH fo
M Point of introduction of ketonea
NH3 source
detector
Hydrazine source
detector
MMH source
detector
UDMH source
detector
Tetramethyl-hydrazine source
detector
aReference to Figure 1, where top and bottom frames, respectively, re
bNumber measured limited by mass range of mass spectrometer and
cIntensity too minor for positive CID identification.zones. The latter ions were considerably reduced inrelative intensity when ketone was introduced through-
out the drift region. The most intense peak was proton-
ated UDMH solvated by one ketone. Tetramethylhydr-
azine, TMH (CH3)2NN(CH3)2, produced the most
simple spectrum, where only the protonated molecule,
the proton-bound dimer, and the protonated molecule
solvated by one ketone molecule were observed. All
spectra in Figure 3 were obtained after steam-cleaning
the ceramic drift tube between experiments with differ-
ent hydrazines. Nonetheless, ions at low intensity were
sometimes observed that could be attributed to previ-
ous samples.
Interpretation of IMS and IMS/MS/MS Findings
A general conclusion drawn from the studies described
above was that the degree of solvation by ketone of
protonated ammonia and the protonated hydrazines
decreased as the number of methyl groups increased.
This is demonstrated in Table 1 with the maximum
number of ketones observed on ions with reagent gas in
either the source region only or in the entire drift tube.
The number of adduct molecules is at a maximum when
ketone is present throughout the whole drift tube and the
maximum values are: 4 for NH4
, 4 or 3 for HZ·H, 3 or 2
for MMH·H, and 2 or 1 for each of UDMH·H and
TMH·H. A ketone will be most strongly hydrogen-
bonded at sites with the highest charge density. Proto-
nation of MMH and UDMH will occur at the alkylated
nitrogen where inductive forces stabilize the charge. An
ab initio calculation of protonated MMH at the HF
6-31G* level showed that protonation on the alkylated
nitrogen was favored by 4.7 kcal mol1 and natural
bond order (NBO) analysis showed that 84% of the
positive charge resided on the N(CH3)H2 end of the
molecule. The charge on the hydrogens attached to this
N ensures that they are the favored sites for association
with the oxygen of a ketone. For the ions of interest
there are four acidic hydrogens on NH4
, three on
H2NNH3
, two on H2NN(Me)H2
, and one on each of
H2NN(Me)2H
 and H2NN(Me)2H
. This is in general
agreement with the data in Table 1.
mologous series of ketones with 3 to 11 carbons
(CH3)2CO (C2H5)2CO (C3H7)2CO (C5H9)2CO
2 2 2 2
4 4 3b 3b
2 3 1 2
4 3 3 3c
2 2 2 1
3 3d 3d 2
1 1 1 1
2 2 1 1
1 1 1 1
1 2d 1 2d
 source or detector.
have been 4.r ho
fer toWhen ketone is present throughout a drift tube,
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cules but only two are observed when the ketone is
present only in the source. This shows that ion-
molecule complexes are dynamic [14] and that dissoci-
ation of ligands will occur in the absence of ketone in
the drift gas. An HPMS study gave thermodynamic
data for the association of acetone with the ammonium
ion [15]. The first and second ketone molecules are
bound more strongly than the third and fourth while
the fifth, which must be in an outer shell, is much more
weakly bound. Use of the thermodynamic data shows
that ammonium solvated by four ketone molecules is
the predominant ion in the system at equilibrium over
the acetone concentration range 104 to 102 ppmv.
Thermodynamic data are not available for other ketones
or for the association of ketones with hydrazines, but a
similar argument must hold regarding stability of the
complexes in the presence and absence of ketone in the
drift gas.
The formation of hydrazones and azines in this work
is inconsistent with the IMS/MS/MS results reported
earlier when no such products were observed [4]. The
major difference was in the mobility spectrometer
where the IMS/MS instrument was based on a ceramic
drift tube. In contrast, the tube in the prior report was
made with gold-plated drift rings and a Teflon source
region in a stainless steel housing. Surface-induced
condensation reactions on the ceramic between hydr-
azine and ketones could have led to neutral hydrazones
and azines, which were then protonated. Since hydra-
zone is known to form in an acid-catalyzed reaction in
liquids [16], it was of interest to explore if analogous
gas-phase reactions could be observed in a mass spec-
trometry with extended mass range, and CID experi-
ments were used to search for possible hydrazone and
azine formation initiated by collisional activation of
such complexes. Studies by APCI-MS were also com-
pleted to determine the maximum number of 5-nonanone
molecules that readily, that is strongly, attach to proton-
ated ammonia and to each of the protonated hydrazines,
with positive identification of the complexes.
Studies with Atmospheric Pressure Chemical
Ionization Mass Spectrometry. Sciex API-III
In the absence of ammonia or one of the hydrazines, the
APCI spectrum contained only the usual hydrated
proton peaks, (H2O)nH
, obtained with ambient air;
n was 1 through 4. The identities of these complexes
and all others of interest in the study were confirmed by
CID. The CID spectra for (H2O)nH
 contained solely
product ions resulting from sequential loss of H2O.
Since the proton affinity of ammonia is far higher than
that of water, the (H2O)nH
 ions were replaced by
(NH3)mH
 and (NH3)mH
(H2O)n when ammonia was
contained in the air. The relative intensities of the two
sets of peaks, (NH3)mH
 and (NH3)mH
(H2O)n, de-pended on the ammonia concentration. The APCI-MSspectra obtained with each of the hydrazines was similar,
with major peaks due to (M)mH
 and (M)mH
(H2O)n
(M  HZ, MMH, or UDMH). A typical spectrum for
hydrazine showed 100% relative abundance for HZH,
52% for HZHH2O, and 35% for (HZ)2H
. A very small
peak was observed at m/z 83 corresponding to the
hydrated dimer, (HZ)2H
(H2O). Higher concentrations
of hydrazine produced the higher cluster (HZ)3H
. The
CID spectrum of this ion showed sequential evapora-
tion of neutral hydrazine leading to (HZ)H in agree-
ment with the findings of Feng et al. [17] who generated
(HZ)nH
 by electron impact in an ion-drift source and
obtained CID spectra by scanning the electrostatic ana-
lyzer voltage of a double focusing instrument.
Sufficient 5-nonanone was introduced into the ion-
ization region so that all the (HZ)nH
 and its hydrates
disappeared, and new ions, identified by CID as pro-
tonated hydrazine solvated by one, two, and three
5-nonanone molecules, (HZ)H(non), (HZ)H(non)2,
and (HZ)H(non)3, appeared and were formed through
reactions in eq 10:
(HZ)H(H2O)n x(non)¡ (HZ)H
(non)x (10)
To facilitate observation of any higher solvates, the
concentration of 5-nonanone in the inlet flow was
increased further and the flow of plenum gas was
reduced to a minimum to preserve, as much as possible,
vapor concentrations of 5-nonanone in the interface
region. These measures did not lead to the appearance
in the spectrum of (HZ)H(non)4 or higher solvates.
The implication is that if such complexes were formed,
any 5-nonanone beyond the third was so weakly bound
relative to the first three that it was easily removed in
passage through the interface region of this mass spec-
trometer. This conclusion is in accord with the observa-
tion of Feng et al. [17] who noted the enhanced stability
for n  4, a so-called “magic number”, for the series
(HZ)nH
. Computation for H2NNH3
 showed that the
three hydrogens on the nitrogen protonation site are all
equivalent [17, 18]. These hydrogens provide three
equivalent sites for strongly binding a maximum of 3
bases, three HZ in (HZ)4H
 and three 5-nonanone
molecules in the case of (HZ)H(non)3. Because of steric
hindrance and lack of a suitable site for hydrogen
bonding, further association of 5-nonanone with
(HZ)H(non)3 would have to occur at the NH2 end,
which does not bear the charge. Steric considerations
and lack of suitable hydrogen bonding sites at the
crowded NH3(non)3 end of the complex would pre-
clude the possibility of a fourth 5-nonanone in an outer
shell.
The CID spectrum of (HZ)H(non)3 with ion energy
of 60 eV gave the major fragment ions (HZ)H(non)2,
(HZ)H(non), and (HZ)H  (Figure 4a). There is a small
peak, constituting 3% of the total product ion inten-
sity, due to (non)H and there is a trace of (non)2H
.
No (non)3H
 was observed at any collision energy. The
CID spectrum of (HZ)H(non)2 shown in Figure 4b
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ucts. No (non)2H
 is observable but (non)H is present,
constituting 2% of the products. The CID spectrum of
the low intensity (HZ)H(non) ion showed that the
major product was (HZ)H (Figure 4c). The protonated
ketone, (non)H, was present to the extent of less
than 2%. This distribution of products from the disso-
ciation of the proton-bound mixed dimer is surprising,
considering that the evaluated proton affinities of hy-
drazine (853.2 kJ mol1) and 5-nonanone (853.7 kJ
mol1) are essentially identical [19]. The evaluated
basicities are also identical so there is apparently no
entropy effect that would favor (HZ)H(non) as the
overwhelming product.
The APCI-MS spectrum of ammonia in the presence
of excess 5-nonane contained the ions with intensities in
the order: NH4
(non)  NH4
(non)2  NH4
(non)4 
NH4
(non)3. Attempts to observe NH4
(non)5 and
higher solvates by minimizing both the plenum gas
flow rate and the declustering potentials of the interface
and focusing assembly were unsuccessful. In these
experiments, the intensity of NH4
(non)4 relative to
those of the lower solvates could be increased but was
Figure 4. CID spectra from APCI-MS of ion-molecule complexes:
(a) (HZ)H(non)3, 55 eV ion energy; (b) (HZ)H
(non)2, 40 eV ion
energy; (c) (HZ)H(non), 50 eV ion energy.attributed more by the appearance of NH4
(non)2(H2O)n(n  1 to 4) and NH4
(non)3(H2O)n (n  1 to 8) than by
an increase in the absolute intensity of NH4
(non)4. The
CID spectra of NH4
(non)n were dominated by the
sequential loss of 5-nonanone and, as was observed in
the CID spectra of (HZ)H(non)n, the peaks due to
H(non) and H(non)2 constituted less than 2% of total
ion intensity. The core ion in all the products remained
NH4
 even though the proton affinity of ammonia (853.6
kJ mol1) is identical to that of 5-nonanone.
Monomethyl hydrazine was introduced into the ion
source together with a concentration of 5-nonanone,
such that all the (MMH)nH
 had disappeared. The
major peak was then (MMH)H(non)2 together with a
small amount of (MMH)H(non). There was no evi-
dence for the formation of (MMH)H(non)3. As shown
in Figure 5a, increases in the nonanone concentration
resulted in the appearance of a very small peak at m/z
473, (MMH)H(non)3, accompanied by one of approx-
imately equal intensity at m/z 445 that was identified as
(non)3H
(H2O). By analogy with results obtained from
a high-pressure mass spectrometric and computational
study of the acetone/water system [20], the latter ion is
probably a central H3O
 with three hydrogen bonds to
the 5-nonanone neutrals. When the flow of 5-nonanone
was increased further and the plenum gas flow was
minimized, hydration of (MMH)H(non)2 rather than
increased formation of (MMH)H(non)3 was observed.
There was no (MMH)H(non)4 in the spectrum. The
CID spectrum of (MMH)H(non)2 at an ion energy of
47 eV contained only two products, (MMH)H(non)
and (MMH)H (Figure 5b), while the CID spectrum of
(MMH)H(non) at ion energies up to 80 eV contained
(MMH)H as the only product (Figure 5c). The absence
of any trace of (non)nH
 in the spectra is in accord with
the observations for the hydrazine complexes but this
time is to be expected because of the higher proton
affinity of MMH (898.8 kJ mol1) compared with that of
5-nonanone (853.7 kJ mol1).
In the absence of 5-nonanone, UDMH was proton-
ated to give mainly (UDMH)H and (UDMH)2H
.
When 5-nonanone was introduced the major peak
was (UDMH)H(non), but a small amount of
(UDMH)H(non)2 was also formed. At a relatively high
concentration of 5-nonanone, the proton-bound dimer
of the ketone was formed rather than more
(UDMH)H(non)2 as shown in Figure 6a. At higher
5-nonanone concentration, both (UDMH)H(non)2
and (non)2H
 disappeared as a peak at m/z 331
appeared (Figure 6b). This peak was identified by
CID as (MMH)H(non)2. The source of the MMH is
unknown, but it is most probably an impurity in the
UDMH, even though GC-FID and GC-MS analyses of
the UDMH did not show measurable levels of con-
tamination. The CID spectra showed that qualita-
tively the second 5-nonanone of (UDMH)H(non)2
was very weakly bound compared with the first, and
the only major products in the spectrum were
(UDMH)H(non) and (UDMH)H. The only product
in the CID spectrum of (UDMH)H(non) was (UD-
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affinity of UDMH, 927.1 kJ mol1, relative to that of the
ketone.
The APCI-MS results agree with those from the
IMS/MS study. A protonated hydrazine or the ammo-
nium ion will effectively bind 5-nonanone molecules in
a number equal to the number of hydrogens on the
protonated nitrogen. Because methyl substitution at a
nitrogen leads to increased basicity of that nitrogen, the
expected number of strongly bound ketones is four for
ammonia; three for HZ, two for MMH, and one for
UDMH. The exception is UDMH, which appears to be
able to attach a second ketone rather weakly but with
sufficient strength to traverse the mass spectrometer
curtain gas. The significant and troublesome difference
between the IMS/MS and the APCI-MS results was the
absence of hydrazone formation in the latter; further
investigation by APCI-MS was warranted.
Study of Gas Phase Formation of Hydrazone
and Azine by CID Experiments
Morrison and Howard [21] reported that a protonated
hydrazone is observed under chemical ionization con-
Figure 5. Spectra from APCI-MS for MMH with 5-nonanone (a),
CID spectra of (MMH)H(non) , 45 eV ion energy (b), and at2
55 eV ion energy (c).ditions in a drift tube attached to a mass spectrometer in
the reaction of (HZ)H with aldehydes and ketones
(eq 11).
R1R2CON2H5
¡R1R2CN2H3
H2O (11)
The drift gas was helium at 1.4 torr. Formalde-
hyde, acetaldehyde, propanal, octanal, and nonanal
all gave the protonated hydrazone as the sole prod-
uct. The ketones, acetone, 2-butanone, pentanones, and
3-hexanone, also produced the protonated hydrazone
though favored formation of the ion-ketone complex
(eq 12):
R1R2CON2H5
¡ (R1R2CO)H
(N2H4) (12)
A later paper describes a further, more detailed inves-
tigation using a selected ion flow tube operating with
0.5 torr helium [22] and suggested a mechanism with
low activation energy involving the association of a
second hydrazine with an init ial ly formed
R1R2CON2H5
. The resulting complex rearranges to
form the protonated hydrazone, water, and hydrazine.
It was also reported that the reaction rates for hydra-
zone formation were enhanced by translational activa-
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Figure 6. Spectra from APCI-MS for 1,1-dimethylhydrazine with
5-nonanone (a), for UDMH and increased ketone vapor concen-
tration (b), and the CID spectrum for (UDMH)H(non) at 90 eV
ion energy (c).tion in the drift field (eq 13):
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A protonated hydrazone formed from protonated hy-
drazine solvated by 5-nonanone would have the for-
mula H2N2(H
) C9H18(non)n, where n is the number of
solvating ketone molecules retained in the desolvation
reaction as in eq 14:
(N2H4)H
(non)nx¡H2N2H)C9H18(non)nH2O
 (x 1)(non) (14)
Since no H2N2(H
) C9H18(non)n or similar ions from
other hydrazines were observed in any of the APCI or
APCI/CID spectra, it must be concluded that hydra-
zones are not formed as products of the collisional
activation of protonated hydrazines solvated by one or
a few 5-nonanone molecules.
The possibility of hydrazone formation via proton-
bound complexes containing two hydrazine molecules
was also investigated. The CID spectra at 50 eV for
(HZ)2H
(non) and (MMH)2H
(non) show that the
complexes competitively lose hydrazine and ketone as
exemplified by eq 15 for (HZ)2H
(non).
(HZ)2H
non
m
(HZ)2H
(non)
n
(HZ)H(non)Hz
(15)
Protonated hydrazone would appear at m/z 189,
H2N2(H
)C9H18(HZ)
, if the second hydrazine were
retained, or at m/z 157, H2N2(H
)C9H18, if it were not. No
such ions are present. There was no evidence for the forma-
tion of protonated hydrazone from (MMH)2H
(non) at m/z
217, [H2N(CH3)N(H
)C9H18(MMH)]
, or at m/z 171,
H2N(CH3)N(H
)C9H18. Hydrazone is not formed by
collisional activation of the simple ion-molecule com-
plexes formed by APCI in the manner described. The
formation must occur by a different and probably more
complex mechanism than that described by Morrison
and coworkers [22]. In conclusion, there is no strong
evidence in these studies that the hydrazones were
formed from gas-phase reactions of ions and the pro-
duction of neutral hydrazones and hydrazines by a
surface reaction in our IMS/MS study cannot be
Table 2. Drift times and cross sections for 5-nonanone complex
Time d 
ms Å Å2
Ammonia 25.45 15.73 247
HZ 21.89 14.78 221
MMH 18.43 13.34 185
UDMH 18.3 11.87 151discarded.Calculations of Ion Size and Mobility
The model of a ion-molecule complex with ketone
molecules equal in number to the hydrogens on the
protonated nitrogen, four for NH4
, three for NH2NH3
,
two for NH2N(CH3)H2
, and one for NH2N(CH3)2H

can be seen in a linear correlation of ion mass and drift
time. The expression for the drift time td of an ion in the
low field region (E/N  6  1017 V cm2 [12] is given by
eq 16:
td
E
l
3
16
q
N 2kT
1
2 (1)
(T)
(16)
where terms are E, the electric field strength; l, the drift
length; N, the number density of the drift gas; q, the
electronic charge; , the reduced mass of the colliding
ion-neutral pair; and , a small factor that is almost zero
and is usually ignored [12]. The term (T) describes the
momentum-transfer cross section for the collision be-
tween ion and drift gas molecule, i.e., an average
ion-neutral collision cross section.
If the hard sphere model is taken as an approxima-
tion of the ion-neutral interaction, then   d2 where
d is the sum of ion and neutral radii [23]. In the absence
of an intimate knowledge of the collision cross section,
a crude approximation for ion size is a freely rotating
body with a cross section of area r2, where the radius
r is equal to one half the largest linear dimension. The
diameters of the ions computed by molecular mechan-
ics were 15.73 Å for NH4(non)4
, 14.78 Å for
(HZ)H(non)3, 13.34 Å for (MMH)H
(non)2
, and 11.87
Å for (UDMH)H(non)H; the respective ion-neutral
cross sections are, respectively, 247 Å2, 221 Å2, 185 Å2,
151 Å2 for a average diameter of 2 Å for nitrogen and
oxygen molecules in the drift gas (Table 2). According
to eq 16, td for a series of similar ions should be a linear
function the reciprocal of (1/2) under constant exper-
imental conditions. If the identification of ions above
are correct in the IMS spectra, then a plot of 1/(½)
should generate a straight line. This was obtained for
the first three ions following the formula 1/()½ 
2.43  105 	 0.484  105  7.96  104 	 1.01 
104 with an r2 of 0.965. However, the drift time for the
UDMH complex, NH2N(CH3)2(non)H
, is too large
compared with the expected value and is almost iden-
tical with that of the MMH complex,
NH2N(CH3)H2(non)2
. There are three possibilities for
this anomalous behavior: (1) the major UDMH complex
th ammonia and hydrazines in supporting atmosphere of air
on mass  Sqrt  1/(1/2 )
Da Da
586 27.45 5.239 0.000186
459 27.10 5.206 0.000245
331 26.50 5.147 0.000357
203 25.22 5.022 0.000454es wi
Iin the drift tube contains two ketone molecules rather
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impurity in the UDMH; and (3) MMH or its protonated
form is produced in an ion-molecule reaction in the ion
source of the mobility spectrometer. The APCI results
would seem to negate possibility (3) but there is not
sufficient information to distinguish between the possi-
bilities (1) and (2).
Conclusions
Drift times for ions of ammonia and hydrazines in a
supporting atmosphere containing ketone vapor are
seemingly anomalous from masses and sizes of proton-
ated molecules alone and can be understood instead as
ion-molecule complexes. The number of ketones at-
tached to the protonated molecule agreed with an ion
structure equal to the number of protons available for
associations, the drift times, and mass-analysis. The
implication for IMS and IMS/MS experiments is that
ions with comparable mobility can be separated when
gas atmospheres are modified with a reagent gas. In
this, the core ion is not chemically altered but the
overall ion mobility is changed. This was attained in all
instances with several drift tubes for highly reactive
hydrazines and might be recommended for other
IMS/MS studies where improvements are needed in
separating core ions by mobility. The reagent gas giving
best separation and detection of ammonia and hydrazines
under laboratory conditions was 5-nonanone [24].
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